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Abstract 
Unsteady Reynolds Averaged Navier-Stokes (RANS) simulations of a generic Chemical Biological 
Radiological and Nuclear (CBRN) respirator canister have been carried out in order to assess the 
performance of the canister under transient flow in a realistic breathing profile. The performance has 
been assessed with respect to pressure drop across the canister and residence time distribution within 
the carbon filter. It has been demonstrated that the pressure drop across the canister provides a good 
agreement with that predicted from a steady-state simulation for the corresponding equivalent 
continuous flow conditions. However, the mean residence time at the filter outlet has been shown to 
exhibit a clear “history” effect under transient flow conditions, which could not be predicted from the 
equivalent steady-state simulation. Three representative breathing rates (for adult males under light, 
moderate and heavy workloads) have been analysed. All three breathing rates exhibit a similar residence 
time distribution with respect to the fractional progress through the inhalation. For any chosen breathing 
profile and target residence time, a similar mean air age front could be seen at the moment of 
breakthrough.  The minimum residence time of air leaving the carbon bed for each breathing profile has 
been found to be considerably smaller than that for the equivalent steady-state continuous flow. The 
minimum residence time for transient and steady continuous flow showed a consistent ratio of 
approximately 1:3 for all breathing patterns studied for the canister analysed here, suggesting there is 
some scope for predicting breakthrough times under real breathing patterns from steady-state data.  
 
Keywords: Chemical Biological Radiological and Nuclear (CBRN) respirator canister, pressure 
drop, residence time, transient flow,, Reynolds Averaged Navier-Stokes simulations  
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1 Introduction 
Chemical, biological, radiological and nuclear (CBRN) canisters must provide a very high degree of 
protection against a large and varied range of hazardous substances. A CBRN canister is typically a 
cylindrical canister consisting of two separate layers of filtering material separated by bracketing: a 
layer of pleated filter paper close to the canister inlet protects against particulates while a bed of 
activated carbon acts as an adsorbent for a wide range of gases and vapours. In order to optimise the 
service life of the carbon bed, it is desirable to maximise the total number of adsorption sites that are 
occupied at the time of failure. It is also necessary to ensure that the total breathing resistance (the 
pressure drop across the canister) does not become excessive.  
 
Computational Fluid Dynamics (CFD) tools have been used in the past to demonstrate that there is 
considerable scope to optimise both the pressure drop and service life of a CBRN canister by modifying 
the bracket geometry [1, 2]. These studies consider steady continuous flow throughout the canister. 
However, in most applications the flow through a CBRN canister is unlikely to be continuous but will 
instead follow a human breathing pattern, which somewhat resembles a half- sinusoidal curve (i.e. the 
positive component of a sinusoidal curve describes inhaled air entering the filter, which is then followed 
by a period of no flow as exhaled air does not pass through the filter but leaves via a valve in the mask). 
This means that compared to an equivalent continuous flow rate a real breathing pattern will show a 
much higher flow rate, which may affect the distribution of air throughout the canister. A previous study 
measured the breathing rates of healthy adult males and found that under light exercise a typical 
breathing rate of 30 L min-1 was expected. At this breathing rate, on  average a peak airflow of 126 L 
min-1 was found [3].   
 
An experimental study of non-CBRN respirator cartridges (which still featured a similar layer of 
activated carbon adsorbent) used a breathing machine to measure the breakthrough time of CCl4 under 
steady flow rate and the equivalent average-breathing rate with a real breathing pattern. It was found 
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that the breakthrough time reduces under real breathing patterns as compared to steady-state, and this  
effect becomes increasingly prominent for high mean flow rates [4].  
 
There is a large potential for discrepancy between calculations based on a sinusoidal and continuous 
flow rate of the same average flow rate, due to the effect of pressure drop across the two separate layers 
of porous media inside a CBRN canister (pleated particulate filter close to the canister inlet, followed 
by a packed bed of activated carbon). The Forcheimer equation [1] which describes the mean pressure 
drop per unit length (Δ?̅?/𝐿) in a porous medium is a key reason for this discrepancy: 
(−Δ?̅? 𝐿⁄ ) = 𝑎1𝑉𝑠 + 𝑎2𝑉𝑠
2                  (1) 
where 𝑎1 and 𝑎2 are the parameters which depend upon the specific medium, 𝑉𝑠 is the superficial 
velocity of the fluid, and the overbar refers to the mean quantities. The term 𝑎1𝑉𝑠 describes the pressure 
loss associated with viscous effects and 𝑎2𝑉𝑠
2 describes the pressure loss due to inertial effects. At lower 
flow rates, the viscous term dominates and the inertial term may often be neglected [2]. A constant low 
breathing rate may therefore consistently neglect the inertial term. A real sinusoidal breathing profile, 
which provides the same total air supply as the constant rate, may however frequently temporarily rise 
to flow rates where the inertial term becomes significant and hence continuous air supply and real 
breathing profiles are not necessarily comparable.  
The parameters 𝑎1 and 𝑎2 have previously been estimated for both activated carbon and particulate 
filter by experimentally measuring the pressure drop across them at a range of flow rates [1]. For the 
particulate filter, the mean pressure drop is given as: 
 
(−Δ?̅? 𝐿⁄ ) = 1.52x109 𝑉𝑠 + 6.41x10
3 𝑉𝑠
2       (2) 
 
For the activated carbon, the pressure drop is given as:  
 
(−Δ?̅? 𝐿⁄ ) = 2.39x109 𝑉𝑠 + 3.21x10
4 𝑉𝑠
2       (3)
  
The pressure loss for a cylindrical packed bed of uniform spheres may also be given by the Ergun 
equation [5]: 
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(−Δ?̅? 𝐿⁄ ) =
150𝜇(1−𝐸𝑝)
2
𝑑𝑝
2  𝐸𝑝
3  𝑉𝑠 +   1.75 𝜌
(1−𝐸𝑝)
𝑑𝑝𝐸𝑝
3  𝑉𝑠
2         (4) 
where 𝑑𝑝 is the particle diameter and 𝐸𝑝 is the local porosity [5]. 
For packed spheres inside a cylinder, a non-uniform porosity profile is seen.  The spheres packed closest 
to the walls show a degree of order as most of the spheres directly contact the walls, with an increasing 
degree of disorder exhibited further from the wall until uniform random close packing is seen some 
distance away from the wall. This profile is described by the Mueller equation [6]: 
𝐸𝑝 = 𝐸𝑏(1 − 𝐸𝑏)𝑒
−𝑏𝑟𝐽0(𝑎𝑟
∗)            (5) 
where 𝐽0 is a zero order Bessel function of the first kind and 𝑎,𝑏, 𝑟
∗ and 𝐸𝑏 are described as follows: 
𝑎 = 7.45 −
3.15𝑑𝑝
𝑑𝑏
  for 2.02 ≤
𝑑𝑏
𝑑𝑝
≤ 13.0                               (6i)                                                                       
𝑎 = 7.45 −
11.25𝑑𝑝
𝑑𝑏
 for 13 ≤
𝑑𝑏
𝑑𝑝
         (6ii) 
𝑏 = 0.315 −
0.725𝑑𝑏
𝑑𝑝
                                                                                                                                        (6iii) 
𝐸𝑏 = 0.365 +
0.220𝑑𝑝
𝑑𝑏
                                                                                                                         (6iv) 
𝑟∗ = 𝑟/𝑑𝑝                                                                                                                (6v) 
Here, 𝑑𝑝 and 𝑑𝑏 are the particle and bed diameters respectively and 𝑟 is the distance from the cylinder 
wall. A comparison between the bulk viscous and inertial resistances calculated from the Mueller and 
Ergun equations and those experimentally measured suggests that the Mueller equation using 0.72 mm 
diameter particles will give an accurate description of the resistances, which is consistent with the 
measured particle size data [1].  This profile creates regions of alternating high and low porosity close 
to the canister wall as seen. Previous work [7] has shown that these regions have a large impact on the 
flow profile throughout the bed, resulting in regions of rapid flow close to the walls which enable a 
potential route for rapid breakthrough.  
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Failure occurs in a canister when there exists a route through the adsorbent bed in which air passes 
through with insufficient time for the full adsorption of the challenge substance. Although it is not 
possible to predict the exact time to failure without fully modelling adsorption (which is 
computationally expensive and specific to the chemistry of the particular challenge substance), the 
existence of a route through the filter that will not allow sufficient adsorption can be predicted by use 
of the mean air age equation [1] to predict the local mean air age 𝜏 in the following manner: 
𝜕
𝜕𝑡
(𝜌𝜏) +
𝜕
𝜕𝑥𝑗
(𝜌?̅?𝑖𝜏) =
𝜕
𝜕𝑥𝑗
(𝜇𝑒𝑓𝑓
𝜕𝜏
𝜕𝑥𝑖
) + 𝜌                                                        (7) 
where 𝜇𝑒𝑓𝑓 = 𝜇𝑙 + 𝜇𝑡 is the effective viscosity with 𝜇𝑙 and 𝜇𝑡 being the molecular viscosity and eddy 
viscosity, respectively and ?̅?𝑖 is the i
th component of the mean velocity. Physically, the mean air age 
represents the average amount of time air at a particular location and flow time will have spent resident 
within the bed [1]. Although not a comprehensive measure of canister performance, the mean air age 
equation provides a good overall metric for comparing cases. It has previously been shown that the 
general canister designs, which have good mean air age distributions, also exhibit favourable adsorption 
characteristics [2].  
The best case for filter life occurs when flow throughout the filter is distributed in such a way that all 
routes through the filter fail simultaneously, ensuring that all available adsorbent has been used. This 
can be estimated by the mean air age at the rear of the canister. The objective of this study is to use 
CFD to investigate the impact of transient breathing patterns on the flow throughout a CBRN canister 
in order to optimise future canister design. In addition, the significance of the non-uniform porosity 
profile identified in packed beds is also investigated in the context of transient CBRN canister 
performance.  
2 Mathematical background and Numerical implementation  
The commercial CFD software Ansys FLUENT [8] was used to solve the coupled mass and momentum 
conservation equations via the finite volume technique. The advective terms were discretised using the 
second order upwind scheme and the diffusive terms were treated using the second order central 
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differencing scheme. The discretised equations were solved using the semi-implicit pressure-velocity 
coupling of the SIMPLE algorithm [9]. All simulations were run to a scaled residual convergence 
criteria of 10-4 for all variables.  
2.1 Governing Equations 
The canister was modelled using the Reynolds-averaged Navier-Stokes equations, which can be derived 
from the instantaneous Navier-Stokes equation by splitting each variable 𝑞 into a mean component, ?̅? 
and a fluctuating component 𝑞′. For incompressible flow, the Reynolds-averaged mass conservation 
equation can then be written as: 
𝜕𝑢𝑖̅̅ ̅
𝜕𝑥𝑖
= 0                      (8) 
The Reynolds-averaged momentum conservation equation in the 𝑖th direction is given by: 
𝜕
𝜕t
(𝜌?̅?𝑖) +
𝜕
𝜕𝑥𝑗
(𝜌?̅?𝑖?̅?𝑗) =
𝜕
𝜕𝑥𝑗
[𝜇𝑙
𝜕?̅?𝑖
𝜕𝑥𝑗
] −
𝜕?̅?
𝜕𝑥𝑖
−
𝜕
𝜕𝑥𝑗
(𝜌𝑢𝑖
′𝑢𝑗
′̅̅ ̅̅ ̅̅ ̅) + 𝑆?̅?               (9) 
where 𝜌 is the desnity, 𝜇𝑙 is the dynamic viscosity and 𝑆?̅? is a source term which for the cases considered 
here is a result of the porous media and is expressed by the right hand side of Eq. 1. This source term 
depends on the local porosity as described by Eq. 4.  The Reynolds stress term (𝜌𝑢𝑖
′𝑢𝑗
′̅̅ ̅̅ ̅̅ ̅) leaves the 
equation unclosed and therefore is modelled in the following manner:  
 −(𝜌𝑢𝑖
′𝑢𝑗
′̅̅ ̅̅ ̅̅ ̅) = 𝜇𝑡 (
𝜕?̅?𝑖
𝜕𝑥𝑗
+
𝜕?̅?𝑗
𝜕𝑥𝑖
) − 𝛿𝑖𝑗
2𝜌𝑘
3
                                                            (10) 
where 𝑘 = 𝑢𝑖
′𝑢𝑖
′̅̅ ̅̅ ̅̅ /2  is the turbulent kinetic energy. The eddy viscosity 𝜇𝑡 is expressed in terms of 
turbulent kinetic energy 𝑘 = 𝑢𝑖
′𝑢𝑖
′̅̅ ̅̅ ̅̅ /2 and its dissipation rate 𝜖 = 𝜈(𝜕𝑢𝑖
′ 𝜕𝑥𝑗⁄ )(𝜕𝑢𝑖
′ 𝜕𝑥𝑗⁄ )̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ in the following 
manner: 
𝜇𝑡 = 𝑓𝜇 𝐶𝜇𝜌𝑘
2 𝜖⁄                     (11) 
where 𝐶𝜇 = 0.09 is a model constant and 𝑓𝜇 is the damping function. The quantities 𝑘 and 𝜖 are 
evaluated by solving the following modelled transport equations: 
8 
 
𝜕
𝜕t
(𝜌𝑘) +
𝜕
𝜕𝑥𝑗
(𝜌?̅?𝑗𝑘) =  
𝜕
𝜕𝑥𝑗
[(𝜇𝑙 +
𝜇𝑡
𝜎𝑘
)
𝜕𝑘
𝜕𝑥𝑗
] + 𝜇𝑡 (
𝜕?̅?𝑖
𝜕𝑥𝑗
+
𝜕?̅?𝑖𝑗
𝜕𝑥𝑖
)
𝜕?̅?𝑖
𝜕𝑥𝑗⏟          
 
𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 𝑘𝑖𝑛𝑒𝑡𝑖𝑐
𝑒𝑛𝑒𝑟𝑔𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛
 − 𝜌𝜖⏟
𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡
 𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛
                     (12) 
𝜕
𝜕t
(𝜌𝜖) +
𝜕
𝜕𝑥𝑗
(𝜌?̅?𝑗𝜖) =  
𝜕
𝜕𝑥𝑗
[(𝜇𝑙 +
𝜇𝑡
𝜎𝜖
)
𝜕𝜖
𝜕𝑥𝑗
] +
𝜖
𝑘
[𝐶𝜖1𝜇𝑡 (
𝜕?̅?𝑖
𝜕𝑥𝑗
+
𝜕?̅?𝑖𝑗
𝜕𝑥𝑖
)
𝜕?̅?𝑖
𝜕𝑥𝑗
] −
𝜌 𝜖2
𝑘
𝐶𝜖2                    (13) 
where 𝜎𝑘 = 1.1  ;  𝜎𝜖 = 1.3  ; 𝐶𝜖1 = 1.44  and   𝐶𝜖2 = 1.92 are the model constants [10]. 
 
In a previous study Li [1] used a low Reynolds Number 𝑘 − 𝜖 model which solves modelled transport 
equations of 𝑘 and 𝜖 up to the wall but this needs very small grid spacing adjacent to the wall. For a 
transient case using a sinusoidal breathing profile the velocities seen at the point of peak inhalation can 
be much larger than that obtained for the steady-state analysis for the corresponding average flow rate. 
Thus, the grid spacing that is sufficient for the low Reynolds number 𝑘 − 𝜖 model in the context of 
steady-state analysis with the same average flow rate may not be sufficient for the whole duration of 
the breathing cycle. Thus, an alternative approach with a blended wall treatment was instead considered, 
which is less demanding than the low Reynolds number 𝑘 − 𝜖 model in terms of wall adjacent grid 
spacing. For this purpose, the  𝑘 − 𝜖 model with blended wall treatment has been used for transient 
simulations.  
For the low-Reynolds 𝑘 − 𝜖 model 𝑓𝜇 accounts for wall dampening of eddy viscosity inside the viscous 
sublayer and is expressed as: 
𝑓𝜇 = exp (−3.4 (1 +
𝑅𝑒𝑡
50
)
2
⁄ )  where 𝑅𝑒𝑡 =
𝜌𝑘2
𝜇𝑙𝜖
      (14) 
For the blended wall treatment model 𝑓𝜇 = 1. This approach differs considerably from the low-
Reynolds number model in how the flow in the near-wall region is handled. The blended wall treatment 
in the  𝑘 − 𝜖 model subdivides the domain into a viscosity affected near-wall region, and a fully 
turbulent region, on the basis of wall distance-dependent turbulent Reynolds number, 𝑅𝑒𝑦: 
𝑅𝑒𝑦 =
𝜌𝑦√𝑘
𝜇𝑙
                                                                                            (15) 
9 
 
where 𝑦 is the distance to the nearest wall. In the fully turbulent region (where 𝑅𝑒𝑦 > 200) both 𝑘 and 
𝜖 transport equations are solved. In the viscosity-affected region (where 𝑅𝑒𝑦 < 200) a one-equation 
model is instead employed [11]. This methodology retains the Reynolds averaged equations for mass, 
momentum and the turbulent kinetic energy transport equation. The turbulence viscosity in this region 
𝜇𝑡,𝑛𝑒𝑎𝑟𝑤𝑎𝑙𝑙 is no longer determined using the turbulence dissipation rate, however, but is instead now 
calculated from: 
𝜇𝑡,𝑛𝑒𝑎𝑟𝑤𝑎𝑙𝑙 = 𝜌𝐶𝜇𝑙𝜇√𝑘                                 (16) 
Here, 𝑙𝜇 is a length scale calculated from[12]: 
𝑙𝜇 = 𝑦 𝐶𝑙
∗ (1 − 𝑒
−
𝑅𝑒𝑦
𝐴𝜇 ) where 𝐶𝑙
∗ = 𝜅𝐶𝜇
−3/4
 , 𝐴𝜇 = 70  and 𝜅 = 0.4                                                       (17) 
The two separate layers of the viscosity affected (one-equation model) and the outer region (two-
equation model) are then blended in the following manner: 
𝜇𝑡,𝑏𝑙𝑒𝑛𝑑 = 𝜆𝜖𝜇𝑡 + (1 − 𝜆𝜖)𝜇𝑡,𝑛𝑒𝑎𝑟𝑤𝑎𝑙𝑙                                (18) 
Here, 𝜇𝑡 is the definition in the outer region given by Eq. 11. The blending function 𝜆𝜖 is defined in a 
way that ranges from one far from the walls and zero close to the walls: 
𝜆𝜖 =
1
2
[1 + tanh (
𝑅𝑒𝑦−200
𝐴
)]                                             (19) 
In the viscosity-affected region, the transport equation for the turbulence dissipation rate 𝜖 is no longer 
solved but 𝜖 is now modelled algebraically as: 
𝜖 = 𝑘
3
2 𝑙𝜖⁄                                                                                                          (20) 
2.2 Geometry and boundary conditions 
All simulations were considered for an industrial CBRN canister, which has been extensively studied 
in the past [1, 2], shown in Fig. 1. The geometry consists of four distinct chambers separated by 
bracketing. Air from the inlet enters a hollow inlet chamber, a chamber packed with particulate filtering 
medium, the activated carbon bed and a hollow outlet chamber. The canister was modelled as one eighth 
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of the total geometry by exploiting the symmetry of the domain. The domain at the actual outlet location 
was extended in order to avoid any possible recirculation on the outlet plane (which can potentially 
affect the simulation predictions at the region of interest). In spite of this extension, the pressure drop 
is evaluated based on the values at the inlet and the exact outlet (instead of the outlet of the 
computational domain) locations. The precise nature of the downstream geometry is not expected to 
significantly affect the flow field within the filter.   
 
Figure 1: Geometry of the configuration considered for all simulations. 
 
At the inlet the velocity is specified according to the flow rate. The turbulent boundary conditions are 
specified in terms of turbulence intensity 𝐼 and turbulence length scale 𝑙 which are taken to be: 
𝐼 =
√
2𝑘
3
𝑈
= 10% and 𝑙 = 0.07𝑑                                                                                                          (21) 
Carbon bed 
Particulate 
filter  
Inlet  
Outlet 
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where 𝑑 is the diameter of the canister inlet and 𝑈 = 4𝑄/𝜋𝑑2 is the mean velocity at the canister inlet 
where 𝑄 is the volume flow rate. It has been found that the results are insensitive to the choices of 𝐼 and 
𝑙 as inlet turbulence was rapidly damped by the porous medium. All walls are taken to be no-slip and 
impenetrable. Turbulent kinetic energy was taken as zero at the walls. For the cases, which used the 
low-Reynolds number turbulence model, the turbulence dissipation rate at the wall is specified to be: 
𝜖𝑤𝑎𝑙𝑙 =  2𝜈(𝜕√𝑘 𝜕𝑛⁄ )
2
          (22) 
where 𝜈 is the kinematic viscosity and 𝑛 is the wall-normal distance. The outlet obeyed the Neumann 
boundary condition such that there was no variation of the primitive variables normal to the outlet. The 
domain was reduced in size by exploiting the symmetry of the canister and there was no gradient of 
each variable in the normal direction at the planes of symmetry.  
2.3 Grid independence 
Three unstructured Cartesian meshes were generated for the purpose of grid independence analysis. 
Steady-state simulations at 𝑅𝑒𝑖𝑛𝑙𝑒𝑡 = 1000 and 𝑅𝑒𝑖𝑛𝑙𝑒𝑡 = 8000 have been carried out for each mesh 
to assess grid independence across the range of inlet velocities expected. These values were selected as 
the limits, which could be validated against the experimental data reported in [1]. The mesh sizes and 
the mean pressure drop across the canister for these meshes have been reported in Table 1 i). 
 
It can be seen from Table 1 that the pressure drop does not change appreciably for meshes B and C for 
𝑅𝑒𝑖𝑛𝑙𝑒𝑡 = 1000 and 𝑅𝑒𝑖𝑛𝑙𝑒𝑡 = 8000  and on the basis of this analysis Mesh B was chosen for all 
subsequent cases.  
2.4 Turbulence model and Permeability Sensitivity 
A sensitivity analysis of the impact of the turbulence model used on the results has been conducted by 
considering steady-state flow through the canister at 𝑅𝑒𝑖𝑛𝑙𝑒𝑡 = 1000. Since the regions of high and low 
porosity near the wall, as described by the Mueller equation in Section 1, may fall into the viscous 
sublayer at lower flow rates, the analysis was carried out using both the fixed viscous and inertial 
resistances described by Eqs. 2 and 3 and the porosity profile given by the Mueller equation. The 
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resistances for the particulate filter layer were taken from Eq. 2 for all cases. The mean pressure drop 
across the whole length of the canister is compared for each of these cases as shown in Table 1 ii.  
Table 1:  i) Information related to the meshes used for grid independence study and ii) mean pressure drops across the 
canister for the different porosity treatments and turbulence models.  
i) Mesh Parameters 
 
Mesh  Mesh size (number 
of cells) 
Mean pressure drop 
at 𝑹𝒆𝒊𝒏𝒍𝒆𝒕 = 𝟏𝟎𝟎𝟎
 
Mean pressure drop at 
𝑹𝒆𝒊𝒏𝒍𝒆𝒕 = 𝟖𝟎𝟎𝟎
 
Mesh A 562000 108.0 1199.4 
Mesh B 742000 111.6 1245.3 
Mesh C 1150000 111.6 1245.4 
ii) Turbulence Model and Permeability 
 
Case Carbon Porosity Turbulence model Pressure Drop (Pa) 
A Constant Low Reynolds 111.6 
B Constant Blended Wall 
Treatment 
111.6 
C Mueller Low Reynolds 108.8 
D Mueller Blended Wall 
Treatment 
108.5 
 
The impact of the turbulence model and porosity model on the flow distribution is exemplarily shown 
by the mean air age profile at a cross-section 1 mm away from the outlet of the carbon bed in Fig. 2. It 
is clear from Table 1ii and Fig. 2 that the modelling the alternating regions of high and low porosity 
close to the canister wall according to the Mueller equation may have a significant impact on the 
resultant flow profile, with a lower mean air age seen close to the wall (corresponding with the area of 
high porosity).  
 
Both the pressure drop from Table 1 ii and the mean air age profile from Fig. 2 indicate that the results 
are not overly sensitive to the choice of turbulence model. On the basis of this analysis, the blended 
wall treatment was preferred for two reasons. Firstly, a very large reduction in computational time was 
seen with the blended wall treatment as compared to the fully wall-resolved approach needed for the 
low Reynolds number 𝑘 − 𝜖 model. Secondly, although it was always desired to keep the 𝑦+ = 𝑢𝜏𝑦/𝜈 
(where 𝑢𝜏 = √𝜏𝑤/𝜌 is the friction velocity with 𝜏𝑤 being the wall shear stress) of the first layer of cells 
adjacent to the wall inside the viscous sublayer (𝑦+ < 5) for the low Reynolds number 𝑘 − 𝜖 model, 
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this could not necessarily be guaranteed for the high fluid velocities seen in some parts of the canister 
at peak flow rates in the transient analysis. However, the blended wall-treatment has previously been 
shown to be less sensitive to 𝑦+ values and can still give good results if 𝑦+ > 5  is obtained for some 
wall adjacent cells [13]. 
 
 
 
Figure 2: Mean air age distributions under steady flow at a cross-section 1mm from the outlet of the carbon bed for the two 
different turbulence models and descriptions of carbon porosity.  
 
2.5 Model Validation 
Validation for the numerical method used here has been conducted by carrying out steady-state 
simulations at eight different flow rates using both descriptions of carbon porosity discussed in Section 
1 and measuring the mean pressure difference across the canister, in order to compare against the 
Mean air age (s) 
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experimental data found in [1], as shown in Fig. 4a. The experimental data is taken from [1] over a wide 
range of data points and it was utilised to determine the parameters (i.e. 𝑎1 and 𝑎2) of the Forcheimer 
equation (i.e. Eq. 1). This gives a very accurate continuous depiction of the pressure drops over the 
complete range.  In both cases, a good agreement was found between the experimental and simulated 
results, with the porosity profile described by the Mueller equation providing a slightly closer agreement 
with experimental data than the constant porosity assumption.  
2.6 Transient Breathing Profiles 
Three breathing rates were chosen based on the measurements in [3], to represent breathing rates under 
light, moderate and heavy work for adult males, as listed in Table 2.  
These breathing rates were each fitted to a sinusoidal profile of the following form: 
𝑄 = 𝑄𝑝𝑒𝑎𝑘 sin (
2𝜋𝑡
𝑓
)          (23) 
where 𝑄 is the volumetric flow rate and 𝑓 is the breathing frequency [14]. Note that only the positive 
component of the breathing curve (the inhalation) was considered in the simulation, since only the 
inhalation passes through the filter, as shown in Fig. 3.  In each simulation, the canister was held without 
flow for a period of time equal to the exhalation phase in order to calculate a more realistic mean air 
age. Three steady-state simulations were then carried out at the equivalent fixed flow rates. All cases 
for this analysis used the porosity profile described by the Mueller equation for the carbon bed.  
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Figure 3: Representative breathing profiles used for each of the cases (showing 2 breaths).  
3 Results & Discussion 
3.1 Mean pressure drop 
The mean pressure drop for each of the three breathing profiles throughout the complete breathing cycle 
was compared against the mean pressure drop for the equivalent steady-state flow rate, as shown in Fig. 
4b.  
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Figure 4: a) Pressure drop across the canister from CFD simulation for steady-state flow using both a constant porosity 
profile and the Mueller porosity profile compared with the predictions of Eq. 1 with the parameters for viscous and inertial 
losses fit to experimental data and b) Pressure drop across the canister from CFD simulations at a range of flow rates 
covering all three complete breathing cycles.  
a) 
b) 
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From Fig. 4b, it is clear that under transient conditions the pressure drop across the canister is very well 
predicted from the steady-state pressure drop for the corresponding mean inlet velocity. Since the peak 
inlet velocity for each transient case is far higher than for the equivalent continuous breathing rate, a 
comparison has been made between the maximum pressure drop seen for each breathing profile and the 
pressure drop that would be seen under continuous flow, and this comparison is shown in Table 2. 
Table 2: The pressure drops seen across the canister under equivalent steady-state flows and the peak pressure drop for 
each transient case.  
Breathing pattern Mean flow rate (L 
min-1) 
Breath 
frequency 
(min-1) 
Continuous flow 
pressure drop 
(Pa) 
Peak flow 
pressure drop 
(Pa) 
Light breathing 30.3 21.9 215.4 816.9 
Moderate 
breathing 
47.4 26.5 357.5 1464.5 
Heavy breathing 72.3 31.9 586.2 2643.5 
 
It is evident from Table 2 that assessing the pressure drop of a canister using the mean breathing rate 
will not give a good indicator of canister pressure drop, whereas continuous flow at the maximum flow 
rate of a given breathing pattern will effectively predict the maximum pressure drop (see Fig. 4). The 
maximum pressure drop seen for a breathing pattern is a more useful metric than that for the equivalent 
mean breathing rate, as if the breathing resistance at any point in the cycle becomes excessive breathing 
will become difficult [3]. 
3.2 Residence Time Distribution 
An estimate of the time available for adsorption within the filter can be made by analysing the mean air 
age and its distribution as described by Eq. 7. A cross-section of the canister was considered 1 mm 
below the outlet of the carbon bed for all cases.  
It is desirable to know the extent to which the residence time distribution may be related to the flow 
rate. A qualitative inspection of the mean air age close to the carbon filter outlet at two different flow 
rates for each of the breathing profiles is compared. 
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Figure 5: The residence time distribution at the carbon outlet at the same flow rate for each case and the equivalent steady-
state flow at two different flow rates.  
 
The mean air age distributions for different breathing rates have been compared to the corresponding 
continuous steady flow distribution in Fig. 5 for 𝑅𝑒 = 1000 and 5000. It is clear from Fig. 5 that there 
is little in common in the profile seen for identical flow rates. This gives clear evidence that there is a 
“history” effect in which the mean air age profile is influenced by the previous flow through the filter. 
The performance of the canister under continuous flow will therefore not be representative of the 
performance of an equivalent flow rate under transient conditions. The residence time distribution of 
a) 
b) 
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the same cross-section is considered in Fig. 6 by taking the average residence time at each radial 
distance throughout the canister over various points of progress through the breathing cycle. Each of 
the transient profiles is compared to the profiles at the equivalent steady-state flow rate over the whole 
cycle. It can be clearly seen that a somewhat similar residence time profile exists for all the steady-state 
cases, revealing the same areas of high and low mean air age, although the magnitude of residence time 
varies from case to case, with heavier breathing resulting in lower residence time. All steady-state cases 
indicate an area of high mean air age which peaks at approximately 88% of the canister radius, 
corresponding to a large dead zone.  
 
A comparison of Fig. 6 ai, bi and ci shows that a roughly similar mean air age profile will be seen for 
comparable progress through the inhalation cycle. An initial period can be seen at 10% through 
inhalation in which the mean air age is very evenly distributed. This corresponds to the period where 
the air age distribution is primarily governed by the air that has been left stagnant from the previous 
cycle.  Subsequently, a period is seen at 30% inhalation in which the mean air age towards the canister 
centre reduces, but the dead zone seen in the steady-state simulations is prominent. At 50% inhalation, 
the mean air age is considerably lower than that predicted under continuous flow. The dead zone seen 
under continuous flow is still visible at this stage, but is diminished compared to the steady-state case. 
A similar comparison of Fig. 6 aii, bii and cii indicates that after peak inhalation the mean air age 
distribution at the carbon outlet is consistently below that predicted under continuous steady flow for 
all breathing profiles. In all cases, the dead zone seen clearly under continuous flow is still visible, but 
the overall distribution is more uniform.  
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Figure 6: Distribution of average residence time with canister radius for (a) light breathing, (b) moderate breathing and (c) 
heavy breathing  in the (i)  first half of the inhalation (i.e while flow rate is increasing) and (ii) the second half of the inhalation 
(i.e. while flow rate is decreasing). 
 
a)i) a)ii) 
b)i) b)ii) 
c)i) c)ii) 
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An iso-surface of mean air age throughout the bed can be used to provide additional information about 
the efficiency of filter usage and predict the locations of dead zones. For purposes of exemplary 
demonstration, an arbitrary mean air age of 0.15 s is chosen in Fig. 7. Across all three stages of 
inhalation shown in Fig. 7, it is clear that the dead zone towards the canister wall predicted from Fig. 6 
can be also be seen as a region where the front of low mean air age trails. An additional dead zone, 
which is not apparent in Fig. 6, can also be seen at the centre of the canister base in the early stages of 
inhalation. For the mean air age chosen, breakthrough can be seen occurring 33% of the way through 
the inhalation, occurring first towards the centre of the canister.  
 
A comparison can be made between the residence time profiles for the transient breathing patterns and 
the equivalent continuous steady flow rate. For the mean residence time chosen here the continuous 
flow does not predict the breakthrough that is seen under transient conditions.  
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Figure 7: The advancing front of a mean air age of 0.15 s throughout the moderate workload breathing cycle and for the 
equivalent continuous steady flow.  
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3.3 Breakthrough Profiles 
An understanding of the performance of the filter can be gained by investigating the flow at the moment 
of first breakthrough (i.e. the instant at which air leaving the carbon bed has resided for insufficient 
time for full adsorption to take place. This is defined for a given contaminant concentration and 
chemistry, and bed condition)  
 
 
 
Figure 81: a)  Distributions of mean air ages of 0.15 s and 0.3 s for each transient breathing cycle at the moment of first 
breakthrough and b) Profile for the steady-state equivalent of light breathing for a mean air age of 0.434 s, the lowest 
residence time at which breakthrough will occur. 
Mean air age = 0.15 s Mean air age = 0.3 s a) 
b) 
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The distributions of mean air ages of 0.15 s and 0.3 s for each transient breathing cycle at the moment 
of first breakthrough are shown in Fig. 8a. It can be seen from Fig. 8a that the distribution at the moment 
of breakthrough is similar in all cases, independent of both the breathing profile and the mean air age 
chosen. Breakthrough occurs entirely at the central ring of holes and the low mean air age front trails 
considerably over the outer edge of the canister, where there are no holes in the base of the carbon bed. 
This means at the moment of breakthrough there are large regions of carbon, which may remain 
unutilised. A similar approach is taken for the equivalent steady-state breathing profiles by inspecting 
the mean air age profile at the lowest mean air age where breakthrough occurs. This is shown in Fig. 8b 
for light breathing. The profile is extremely similar for the lowest breakthrough mean air ages for each 
of the other equivalent steady-state cases.  
The volume fractions of the carbon bed under two threshold residence times (i.e. 0.15s and 0.3s) over 
the course of each breathing profile are exemplarily shown in Fig. 9. It can be seen from Fig. 9 that the 
volume fraction of the carbon bed, which exhibits a residence time smaller than the threshold value, can 
be considerably greater than the corresponding volume fraction obtained from the equivalent continuous 
flow under steady-state. This qualitative behaviour remains valid for other mean air ages. Thus, the 
residence time distribution and accordingly the performance of the canister in terms of breakthrough 
cannot be reliably estimated from the steady-state equivalent continuous flow simulations.
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Figure 9: The volume fraction of the carbon bed below (a)  0.15 s residence time and (b) 0.3 s residence time throughout each 
of the breathing profiles 
b) 
a) 
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Although residence times under transient flow cannot be reliably estimated from equivalent steady-state 
continuous flow calculations, it is possible to infer breakthrough times under real breathing patterns 
from steady-state results in this canister. The lowest residence time that would result in breakthrough 
for each of the breathing profiles and their steady-state equivalents is shown in Table 3. 
Table 3: A comparison of the lowest residence time seen at the carbon filter outlet for all three breathing patterns and the 
equivalent steady-state flows 
 
Although the minimum residence time does not account for adsorption kinetics within the carbon bed, 
it does provide some indication of whether or not the gas would have spent sufficient time in the bed 
for full adsorption to occur. As shown previously it is clear that the minimum residence time predicted 
under transient flow is considerably smaller than that would be expected under steady-state conditions. 
Significantly, the ratio of the transient mean air age at time of breakthrough to that under continuous 
flow remains almost constant (approximately a third) for a range of different flow rates. This suggests 
there is considerable potential to estimate if breakthrough will occur under transient breathing profiles 
even when using steady-state data.  
4 Conclusions 
Transient 3D RANS simulations were carried out on an existing model of a CBRN canister to 
understand how the transient performance differs from that predicted under steady-state conditions. 
Simulations have been carried out at three separate breathing rates corresponding to light, moderate and 
heavy workloads measured previously for an average adult male. The 𝑘 − 𝜖 turbulence model with 
blended wall functions was found to give a good similarity to the low Reynolds number 𝑘 − 𝜖 model 
Breathing profile Lowest breakthrough 
mean air age under 
transient flow (s) 
Steady-state 
equivalent lowest 
breakthrough mean 
air age (s) 
Ratio of transient 
breakthrough mean 
air age to steady-
state breakthrough 
mean air age 
Light breathing 0.145 0.434 0.334 
Moderate Breathing 0.091 0.277 0.329 
Heavy Breathing 0.059 0.183 0.322 
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while being both computationally economical and sufficiently accurate. The numerical modelling has 
been validated against experimental steady-state pressure drop measurements and it has been shown to 
give a good agreement. 
The pressure drop over the whole canister for each of the transient cases throughout the breathing cycle 
was compared to that predicted under steady-state flow of the corresponding flow rate and it has been 
found that the transient and steady-state pressure drops were identical, showing that steady-state 
measurements are an adequate method of estimating pressure drop under transient conditions. The 
maximum pressure drop for each transient case was much larger than for the steady-state case that 
corresponded to the same average flow rate, since the peak flow rate was much higher in the transient 
case.  
A study of the mean air age at the top of the carbon bed showed that there was a very large variation in 
residence time distribution for each of the three transient cases at the same flow rate, suggesting that 
there is a considerable “history” effect with regards to residence time. The profile of mean air age 
(averaged across the top of the carbon bed) against radial distance over time was used to relate the 
steady-state performance and the three separate transient cases. It has been demonstrated that the 
transient cases corresponding to heavy, moderate and light breathing rates showed somewhat similar 
residence time profiles at the same fractional duration through the inhalation, with a large area of high 
mean air age early on, and a more even distribution at the latter stages of the inhalation (although some 
evidence of a dead zone was seen throughout the inhalation in all cases).   
A selection of minimum residence times have been chosen to give an indication of the distribution of 
flow throughout the canister at the first moment of breakthrough (that is the first point at which air 
passing out of the carbon bed had not resided in the bed for some threshold time). For this particular 
canister geometry, breakthrough occurs by an identical mechanism across all breathing rates and 
independent of the mean residence time for breakthrough, and the failure of the filter takes place entirely 
at the central rings of holes, far from the dead zone at the outer filter.  
The minimum residence time seen throughout a breathing cycle was considerably smaller than that 
predicted using the equivalent steady-state flow rate. However, it was noteworthy that the ratio of 
minimum residence time under transient flow to continuous flow remained roughly constant 
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(approximately a third) between light, moderate and heavy breathing rate profiles. This implies that 
there is considerable scope for estimating breakthrough times under transient conditions from 
continuous flow data, although it remains to be seen if this holds true for other canister geometries.  
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